Introduction {#sec1-1}
============

Aneurysmal subarachnoid hemorrhage (aSAH) is a mortifying disease affecting multiple organs besides brain.\[[@ref1][@ref2]\] The prognosis remains poor, with 1-month case fatality as high as 35% even in developed countries.\[[@ref3]\] Of those who survive, one-third need life-long care, with a further third having residual cognitive impairment that affects their functional status and quality of life.\[[@ref3]\] Thus, prompt diagnosis, early and appropriate treatment of SAH are essential\[[@ref4]\] and may improve outcome.\[[@ref5]\] The anesthetist is an integral part of the team managing these patients at all the stages during the course of illness. This review aims to provide knowledge regarding optimal care that can be provided at various stages in patients with aSAH, which can translate into improved neurological outcome.

Epidemiology {#sec1-2}
============

Approximately 85% of cases of SAH are related to spontaneous rupture of an intracranial aneurysm in the basal cerebral arteries. This accounts for an aSAH incidence of 2-22.5/1,00,000 population.\[[@ref6]\] At least 60% of aneurysm rupture occurs between ages of 40 and 60 years.\[[@ref7]\] A slight sexual preponderance is noted, with female to male ratio of approximately 3:2. The vast majority of aneurysms (80-90%) are located in the anterior (carotid) circulation, the anterior and posterior communicating, and the middle cerebral artery. The remaining 10-20% are located in the posterior (vertebrobasilar) circulation.

Etiology {#sec1-3}
========

The intracranial aneurysms are thought to be primarily acquired vascular lesions secondary to degenerative changes in the muscular and elastic components of vessel walls. Combination of possibly genetic, hemodynamic, nicotine, cocaine, and alcohol induced structural defects and chronic hemodynamically induced shear stress often associated with hypertension can cause aneurysmal out-pouchings in subarachnoid space at the base of the brain.\[[@ref8]\] Infection, trauma, diseases associated with hypertension like coarctation of aorta, polycystic kidney disease and deficiency of type III collagen have been seen to be associated with cerebral aneurysm and SAH. Unruptured aneurysms are often silent with patients usually presenting after their rupture.

Clinical Presentation and Diagnosis {#sec1-4}
===================================

The classical history of SAH is the sudden onset of severe headache, often described as the "worst imaginable." Other symptoms include neck stiffness, vomiting, epileptic seizures and neurological injury varying between unconsciousness, depressed consciousness, focal neurological deficits and isolated cranial nerve palsies.

For the standardization of surgical risk assessment and to estimate the prognosis, clinical grading scales such as one by Hunt and Hess \[[Table 1](#T1){ref-type="table"}\]\[[@ref9]\] and other by the World Federation of Neurological Surgeons (WFNS) \[[Table 2](#T2){ref-type="table"}\]\[[@ref10]\] had been proposed. While the WFNS scale based on the Glasgow coma scale is the most important as it correlates with the preoperative level of consciousness, modified Hunt and Hess grading scale is still the most commonly used, because of both familiarity and ease of application.

###### 

Modified Hunt and Hess clinical grades for patients with subarachnoid hemorrhage\*
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###### 

WFNS grades for patients with subarachnoid hemorrhage
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The higher the clinical grade, the more likely are cerebral vasospasm, elevated intracranial pressure (ICP), impaired cerebral autoregulation, and impaired vascular CO~2~ reactivity. The worse clinical grade is also associated with higher incidence of cardiac arrhythmias and myocardial dysfunction\[[@ref11]\] and hypovolemia and hyponatremia.\[[@ref12][@ref13]\]

Unenhanced cranial computed tomography (CT) is the initial diagnostic tool of choice in all cases of suspected SAH.\[[@ref4]\] CT findings are graded according to Fisher\'s four point scale \[[Table 3](#T3){ref-type="table"}\].\[[@ref14]\] It is probably the best method to describe the CT findings with regard to the clot burden and the risk of vasospasm in aneurysmal SAH. In case of a normal scan, particularly early after ictus, in the presence of high suspicion, lumbar puncture should be performed. Confirmation of the presence of red blood cells or their metabolites in cerebrospinal fluid (CSF) identifies patients who subsequently have aneurysm detected in angiography.

###### 

Fisher grades for CT findings in subarachnoid hemorrhage
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Computed tomography angiography (CTA) is the investigation of choice once SAH is confirmed by unenhanced CT or lumbar puncture so as to identify the anatomical territory of aneurysm. Additional imaging in form of formal four vessel digital subtraction angiography, magnetic resonance imaging and spinal catheter angiography can be done for treatment planning.

Major Complications of Subarachnoid Hemorrhage {#sec1-5}
==============================================

The major complications of SAH include rebleeding, cerebral vasospasm, seizures, and hydrocephalus.

Various nonneurological complications are common after SAH and are independent factors associated with poor prognosis \[[Table 4](#T4){ref-type="table"}\].\[[@ref15]\]

###### 

Nonneurological complications of SAH
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All these complications occurring in patients with aSAH can adversely affect outcome, thus, there is a growing trend toward early operation so that the risk of re-bleeding is eliminated, vasospasm and other mentioned complications more aggressively treated.\[[@ref16][@ref17]\]

Re-bleeding {#sec1-6}
===========

The greatest risk of re-bleeding in patients with aSAH occurs within the first 24 h (4%) and is highest in those with poorest grade. It then levels off at 1.5%/day for up to 2 weeks after ictus.\[[@ref17]\] Overall the incidence of re-bleeding is 11%. Patients who suffer from re-bleed have a very high mortality rate between 64% and 90%.\[[@ref17]\]

This is the reason that there is a shift in the trend toward early securing of ruptured aneurysm. Early clipping allows to eliminate the risk of re-bleed and also allows effective treatment of vasospasm. Recently, a meta-analysis has proved that short term use of antifibrinolytics should only be considered in those who are at high risk of re-bleeding in whom definitive treatment of aneurysm is delayed.\[[@ref18]\] The use of antifibrinolytics though reduces the risk of re-bleeding, has not been associated with improved outcome, possibly because it can lead to microthrombosis and hence cerebral ischemia.\[[@ref19]\]

Seizures {#sec2-1}
--------

Blood can irritate the cerebral cortex resulting in seizures. However, only about 5% of patients with SAH go on to have epilepsy. Although seizures can worsen the outcome of a patient in the intensive care unit (ICU), the risks of side-effects from common anti-epileptics may outweigh the benefits unless the patient is noted to have a seizure. In this case, the patient may be continued on a medication for 6-12 months after the hemorrhage.

Hydrocephalus {#sec2-2}
-------------

Hydrocephalus following subarachnoid hemorrhage can progress acutely (0-3 days), sub-acutely (4-13 days) or chronically (after 13 days). The incidence of hydrocephalus is around 28%. Patients usually present with worsening of neurological status and diagnosis is confirmed on CT scan. Preexisting diabetes, higher Fisher grade and intraventricular hemorrhage are associated with increased chances of development of hydrocephalus.\[[@ref20]\] The treatment involves placement of ventriculoperitoneal shunt.

Vasospasm {#sec1-7}
=========

Cerebral vasospasm remains an important cause of morbidity and mortality (incidence: 13.5%).\[[@ref16]\] Cerebral vasospasm usually develops 3-12 days after SAH and lasts on an average for 2 weeks. The incidence and severity of delayed cerebral vasospasm has been shown to correlate with the amount and location of blood in the basal cisterns.\[[@ref21]\] The sub-arachnoid blood causes formation of oxyhemoglobin, free radicals, lipid peroxidation products, calcium, and prostaglandins which have been implicated in causing contraction of the smooth muscles to the thickening of the vessel wall, thus, contributing to the cerebral vasospasm.\[[@ref22]\]

Though the frequency of angiographic detected vasospasm is estimated to be far more in SAH patients (up to 70%), symptomatic and clinically significant vasospasm develops less often (20-30%). Clinically, patients developing vasospasm following SAH present with signs of delayed cerebral ischemia, which manifest as decreased level of consciousness, new onset focal neurological signs and mutism.

The diagnosis is usually confirmed by CTA, however, DSA remains the gold standard diagnostic tool. Transcranial Doppler (TCD) is a noninvasive technology, which is helpful in earlier diagnosis and to titrate the therapy to vasospasm. TCD being a bed side tool, allows repeated evaluation of patients with vasospasm without resorting to frequent angiographic investigations.\[[@ref23]\] Jugular bulb oximetry, xenon enhanced CT, laser Doppler flowmetry, thermal dilution, brain tissue PO~2~, and cerebral microdialysis are some of the other monitoring techniques for estimation of cerebral blood flow (CBF), which may be helpful. Unlike cerebral angiography and TCD, these techniques measure regional perfusion, not merely diameter of blood vessels or flow velocities.\[[@ref24]\] Hence, these techniques predict clinical outcome better, but the drawback is that at present, these are not routinely available.

Preventive and Treatment Strategies of Cerebral Vasospasm {#sec1-8}
=========================================================

General preventive measures of cerebral vasospasm include administration of nimodipine, positive fluid balance, mild sedation, avoidance of hypotensive episodes, and hyponatremia.

Symptomatic treatment of cerebral vasospasm consists of triple-H therapy, balloon angioplasty and intra-arterial papaverine.

Nimodipine {#sec1-9}
==========

Nimodipine, a specific antagonist of L-type voltage gated calcium channels, is one of the most extensively studied drugs with promising results. This is given in the dosages of 60 mg orally or by nasogastric tube every 4 hourly for 21 days.\[[@ref25]\] The beneficial effects are thought to occur due to its action either on the distal vessel site or at the cellular level. However, nimodipine causes vasodilation, so attention must be paid to hydration status and careful titration of anesthetic drugs during induction of anesthesia to prevent hypotension. The need for intraoperative and postoperative vasopressors is also increased in patients taking nimodipine preoperatively.

New Pharmacological Therapies {#sec1-10}
=============================

Magnesium sulfate is a cerebral vasodilator and N-methyl-D aspartate antagonist that has been reported to be efficacious in decreasing vasospasm in animal models. However, recent studies have shown no beneficial effects and worse clinical outcomes with induced hypermagnesemia.\[[@ref26][@ref27]\]Statins through their anti-inflammatory and modulating effect on cerebral vasculature have been used to prevent and treat ischemia. However, no significant effect in improving neurological outcome and mortality has been seen in recent studies.\[[@ref28]\] Thus, current evidence suggest their use should be continued in patients already on statins. Introduction of acute statin therapy should be considered in carefully selected patients who are at high risk of delayed cerebral ischemia.\[[@ref29]\]Tiralazad: A nonglucocorticoid 21 amino-steroid free radical scavenger showed initial beneficial results. The drug was well-tolerated with few adverse effects. However, later studies could not demonstrate clinical benefit.\[[@ref30]\]TAK-044: An endothelin A/B (ET~A/B~ receptor antagonist) was attempted on the premise that endothelins mediate vasoconstriction in the setting of cerebral vasospasm. However, there was no clinically significant benefit.\[[@ref30]\]Clazosentan-a selective ET~A~ antagonist showed some promise based on its pharmacological profile. However, despite angiographic evidence of decreased spasm, clinical outcome was not improved.\[[@ref30]\]Nitric oxide is a free radical which mediates vasodilation in cerebral vessels. Nitric oxide donors like intraventicular administration of sodium nitroprusside and Transdermal application of nitroglycerin has been attempted without much success.\[[@ref30]\]

As of now, the available evidence does not support use of any of the above pharmacological interventions except nimodipine and triple-H therapy.

Triple-H Therapy {#sec1-11}
================

Hypervolemia, hypertension and hemodulution is the most widely used and consistently effective regimen for prevention and treatment of ischemic neurological deficits due to cerebral vasospasm. The use of triple H therapy is based on the fact that due to increased resistance to blood flow from cerebral vasospasm and in the absence of effective autoregulation, CBF becomes pressure dependent.\[[@ref31]\]

The therapeutic goal, for this purpose is to increase systolic arterial pressure to approximately 120-150 mm Hg in unclipped and 160-200 mm Hg in clipped aneurysms (using intravenous (I.V.) fluids and vasopressors). Central venous pressure (CVP) is maintained at 8-12 mm Hg (or pulmonary artery wedge pressure at 15-18 mm Hg) and hematocrit is decreased to approximately 30-33%.

This therapy is most successful when administered at early stages before the onset of infarction. However, due to the risk of re-bleeding when administered before aneurysmal clipping, it should be instituted only after clipping of aneurysm. The therapy also carries risks of other potentially life-threatening complications such as re-bleeding (19%), pulmonary edema (17%), myocardial ischemia (2%), dilutional hyponatremia (3%),congestive cardiac failure, coagulopathy (3%), intracranial hypertension, worsening of cerebral edema, hemorrhagic transformation of cerebral infarct, and hypertensive encephalopathy.\[[@ref30]\]

Thus, the recent consensus recommends that euvolemia rather than hypervolemia should be the target for both prophylaxis and treatment and hemodilution should not be used.\[[@ref32]\] The pressure should be increased in a stepwise fashion with maintenance of ABP at supranormal level under guided assessment of neurological function and TCD monitoring.\[[@ref33][@ref34]\]

Endovascular Treatment {#sec1-12}
======================

Transluminal balloon angioplasty has been widely used to reverse vasospasm in major basal as well as distal arteries with or without concomitant intra-arterial administration of papaverine.\[[@ref35][@ref36]\] This is indicated in patients with persistent new neurological deficit that is unresponsive to medical therapy. However, timing of intervention is crucial as there is evidence to suggest that early angioplasty (within 2 h from onset of symptoms) is associated with sustained clinical improvement.\[[@ref35]\]

Intra-arterial administration of vasodilators such as papaverine, verapamil, milrinone, nimodipine in the distal vessels through super selective intra-arterial infusion have been shown to be effective.

Management of subarachnoid hemorrhage {#sec2-3}
-------------------------------------

Most of the patients with aneurysm are operated as soon as possible. Management of SAH includes securing the aneurysm, so that further bleeding is prevented and management of any complications resulting thereof. The advancements in minimally invasive neurosurgery have led to options of either clipping the aneurysms surgically or occluding them via the endovascular route.

Clipping Versus Coiling {#sec1-13}
=======================

Coiling works by placing extremely coiled material inside the aneurysm, the material of which is extremely thrombogenic which allows aneurysm to be occluded completely.\[[@ref37]\] Coiling of an unruptured aneurysm has been reported to result in 7.4% reduction in mortality risk as compared to clipping.\[[@ref38]\] This has prompted many surgeons to favor coiling over clipping.

However, coiling itself carries many risks. Firstly, the aneurysm may rupture with the angiographic manipulation, secondly part of the coil could embolise out of the aneurysm into a more distal artery and lastly, the thrombus formation may extend out of the aneurysm and cause thrombus formation in the feeding vessels.\[[@ref39]\] However, the controversy continues which one --- clipping or coiling has a better outcome. The usual practice is that patients are first evaluated by an intervention specialist. If coiling can be safely performed, then this is tried first. If coiling fails or coiling is considered difficult then clipping is performed. This decision is based on the expertise and experience of the interventional specialist and the available facilities.\[[@ref40][@ref41]\]

Preoperative assessment of a patient posted for aneurysm clipping:\[[@ref42]\]

The main steps in preoperative evaluation are as follows:

Assessment of the patient\'s neurologic condition and clinical grading of the SAH.A review of the intracranial pathologic condition by evaluating CT for evidence of raised ICP.Evaluation of other systemic functions, premorbid as well as current condition, with emphasis on systems known to be affected by SAH.Communication with the neurosurgeon regarding positioning and special monitoring requirements.Optimization of the patient\'s condition by correcting any existing electrolyte disturbances which are quite common in aneurysm patients.

Premedication {#sec1-14}
=============

Premedications such as barbiturates and narcotics may cause respiratory depression with resultant increase in PaCO~2~, leading to an increase in CBF and cerebral blood volume.\[[@ref43]\] So premedication is often avoided. Anxious patients with good Hunt and Hess grades may receive smaller doses of oral benzodiazepines. Patients should continue to receive their regular doses of anticonvulsants, nimodipine and dexamethasone. Drugs to reduce gastric acidity and increase gastric emptying should be prescribed as part of premedication or given I.V. before induction of anesthesia.

Intraoperative Considerations {#sec1-15}
=============================

Any sudden rise in blood pressure during tracheal intubation can result in rupture of aneurysm. Therefore, the goal during induction of anesthesia is to reduce the risk of aneurysm rupture by minimizing the transmural pressure (TMP) while simultaneously maintaining an adequate cerebral perfusion pressure (CPP). As illustrated in [Figure 1](#F1){ref-type="fig"}, both TMP and CPP are determined by the same equation, mean arterial blood pressure (MAP) minus ICP (MAP --- ICP). Thus these goals represent opposite objectives.\[[@ref42]\]

![Transmural pressure = Mean arterial blood pressure (MAP) --- intracranial pressure (ICP); cerebral perfusion pressure = MAP --- ICP](JOACP-30-328-g005){#F1}

Blood pressure management should be done taking into account patient\'s clinical grade and baseline blood pressure values. Patients who have been normotensive or those with SAH Grades 0, I, and II generally have normal ICP and are not experiencing acute ischemia.\[[@ref8]\] These patients, therefore, tolerate a bigger transient decrease in blood pressure (30-35%). In contrast, patients with poor clinical grades frequently have increased ICP, low CPP, and ischemia.\[[@ref44]\] The elevated ICP decreases the TMP and partially protects the aneurysm from re-rupture. These patients may not tolerate transient hypotension as well, and the duration and magnitude of blood pressure decrease should be moderated. As a general principle, the patient\'s blood pressure should be reduced to 20-25% below the baseline value, and prophylaxis to blunt the hypertensive response to laryngoscopy and intubation should be instituted before tracheal intubation is attempted.

Similarly, discretion should be used whether hyperventilation will be beneficial or harmful. Patients with a good clinical grade should not be hyperventilated, because the reduction in CBF will lead to a reduction in ICP and consequently, an increase in TMP. Conversely, patients with poor clinical grades should be managed with moderate hyperventilation to improve cerebral perfusion. Sudden changes in MAP should be avoided to reduce the risk of aneurysm rupture and ischemia.\[[@ref45]\]

Monitoring {#sec2-4}
----------

Standard monitoring usually includes 5-lead electrocardiogram, continuous intra-arterial pressure, pulse oximetry, capnography, urinary output, body temperature, and neuromuscular block. It is preferable to initiate invasive blood pressure monitoring prior to induction. Many neuroanesthetists routinely insert a central venous catheter for guidance of intravascular volume, for the injection of potent cardiovascular drugs in the case of severe cardiovascular instability, and for the administration of mannitol (which may cause local inflammation when administered through a smaller peripheral vein.\[[@ref46]\] Cardiac compromised patients or those with severe vasopspasm benefit from invasive cardiac output and pulmonary capillary wedge pressure monitoring, so Swan-Ganz catheter should be considered in these patients. Monitoring for adequacy of cerebral circulation may be performed by Jugular oximetry, noninvasive cerebral oximetry, TCD, brain stem auditory, somatosensory, and motor evoked potentials depending on the location of aneurysm. Jugular oximetry reflects the balance between cerebral metabolic supply and demand. This approach is analogous to monitoring of mixed venous oxygen saturation as an index of the balance between systemic metabolic requirement and cardiac output. The use of jugular venous oximetry in the intensive care of head-injured patients is relatively well-established. Its use in the intraoperative management of patients undergoing cerebral aneurysm surgery; however, remains investigative rather than routine.\[[@ref42]\]

Regional cerebral oximetry uses optical spectroscopy to measure brain vascular hemoglobin saturation in a noninvasive manner to provide similar information. Recently, microscope integrated intraoperative near-infrared indocyanine green angiography has been used to access circulation in the operative field.\[[@ref47]\] It should be noted that data from these monitoring techniques should be analyzed in conjunction with each other and each of these monitoring systems have their own drawbacks.

Induction {#sec2-5}
---------

Intravenous induction is preferred and any of the short acting induction agents, propofol, thiopentone sodium, or etomidate can be used provided these agents are used in carefully titrated doses avoiding sudden changes in blood pressure.\[[@ref48]\] Short acting opioids like fentanyl, alfentanil or sufentanil are included in induction. There is concern of increased in ICP when using opiods especially sufentanil. Nevertheless, concurrent use of induction agents and mild hyperventilation should mitigate any increase in ICP.

Agents used to blunt laryngoscopic response to intubation include use of high-dose narcotics (e.g., fentanyl, 5-10 μg/kg, or sufentanil, 0.5-1.0 μg/kg), β-adrenergic antagonists (e.g., esmolol, 0.5 mg/kg), labetalol (10-20 mg), I.V. or topical lidocaine (1.5-2.0 mg/kg), a second dose of propofol (0.5-1 mg/kg) or thiopental (1-2 mg/kg), or a deep level of an inhalation anesthetic such as isoflurane or sevoflurane. We routinely administer I.V. lidocaine, 1.5 mg/kg 2-3 min before intubation.\[[@ref49]\]

Muscle relaxants {#sec2-6}
----------------

The choice of muscle relaxant depends on the anesthesiologist\'s preference. There is concern of using succinylcholine which has been reported to increase ICP; however, it has been used successfully in many aneurysm patients with no known sequelae.\[[@ref50]\] Moreover, this increase in ICP is not seen when the patients are deeply anesthetized or when succinylcholine is preceded by a defasciculating dose of a nondepolarizing agent.\[[@ref51]\] However, in view of these concerns many neuroanesthesiologists prefer to use a nondepolarizing agent for intubation also. Our practice is to use a succinylcholine only for anticipated difficult airway or patients with a full stomach. Rocuronium is a nondepolarizing agent which has no effect on CBF or ICP and is a suitable alternative for rapid sequence induction in a dose of 0.6-1.2 mg/kg.

Positioning {#sec2-7}
-----------

Patients should be carefully positioned avoiding injuries to eyes, nose, and pressure points. Care should be taken to avoid excessive neck flexion or lateral rotation as this can obstruct venous drainage and increase ICP. In particular, care should be taken to avoid increase in heart rate and blood pressure on inserting head pins. This is done by giving additional dose of fentanyl bolus prior to pin insertion or by deepening the plane of anesthesia using IV anesthetic agents or volatile agents.

Maintenance of anesthesia {#sec2-8}
-------------------------

The goals during maintenance of anesthesia are to:\[[@ref42]\]

Provide a relaxed or "slack" brain that will allow minimal retraction pressure.Maintain perfusion to the brain.Reduce TMP if necessary during dissection of the aneurysm and final clipping andAllow prompt awakening and assessment of patients with good SAH grades.

With the trend toward early surgery, greater number of cases can be expected to have tight brain with difficult operating conditions in which maximal brain "relaxation" therapy is required. The choice of anesthetic agents should take into account the brain condition based on preoperative radiologic investigations and Hunt and Hess grading. Either an I.V. or inhalation anesthetic or a combination of both can be used to provide such conditions. Propofol has cerebral vasoconstrictive actions, thus it causes decrease in CBF, cerebral metabolic rate and thus decreases ICP.\[[@ref52][@ref53]\] Isoflurane, sevoflurane and desflurane may also be used in concentrations \<1 minimum alveolar concentration (MAC) beyond which these cause increase in ICP. There is however, some evidence to suggest that sevoflurane may be used in concentration up to 1.5 MAC since it tends to preserve autoregulation even up to 1.5 MAC, beyond which brain oxygen consumption is increased by 25%.\[[@ref54][@ref55]\] Sudden increases in inspired concentration of desflurane tends to increase ICP due to its sympathoadrenal effect which may be mitigated by avoiding rapid increases in dial settings of desflurane.

Intraoperative analgesia is provided either by intermittent boluses or infusions of opioids. Periods of intense stimulation like pin insertion, skin incision or elevation of periostium and incision of duramater should be covered by administering additional doses of opioids and deepening the planes of anesthesia to prevent hypertension.\[[@ref42]\]

Brain relaxation {#sec2-9}
----------------

Optimal brain relaxation and reduction in brain bulk helps surgical exposure, reduce the forces required for brain retraction, and facilitates clipping of the aneurysm. Following agents/maneuvers have been used in combination:\[[@ref45][@ref56]\]

### Positioning {#sec3-1}

15-30° head up position is the optimal position which decreases ICP yet maintains CPP. Excessive neck flexion or rotation should be avoided. Endotracheal tube should be taped instead of tying it around the neck. If it has to be tied across the neck, it should be ensured that the tie is not too tight and there is no pressure on neck veins.

### Mannitol {#sec3-2}

Mannitol is usually the drug of choice to decrease brain water content. 20% mannitol (0.5-2 g/kg) is usually given over 30 min. The usual dose is 1 g/kg; an additional dose is given when indicated by the brain conditions. A total dose of 2 g/kg is frequently given when temporary artery occlusion is planned.

### Frusemide {#sec3-3}

Frusemide reduces CSF formation and water and ion movement across the blood--brain barrier. The prolonged diuresis after the administration of frusemide can potentiate the effect of mannitol by sustaining elevated serum osmolality.\[[@ref57]\] Frusemide is used in a dose of 0.25-1 g/kg.

### Hypertonic saline {#sec3-4}

Hypertonic saline (3%) is a equi-efficacious to 20% mannitol in the extent of brain relaxation.\[[@ref58]\] However, mannitol continues to remains the drug of choice for intraoperative brain relaxation.

### Cerebrospinal fluid drainage {#sec3-5}

Decreasing the volume of CSF using a lumbar subarachnoid or ventriculostomy catheter is an effective means of reducing brain bulk and may become necessary to achieve satisfactory brain relaxation. Extreme caution should however, be exercised during insertion of the drain to minimize CSF loss and a sudden decrease in ICP, so as to avoid an abrupt increase in TMP and a re-bleed. Due to the risk of brainstem herniation, lumbar drainage of CSF is contraindicated in patients with intracerebral hematoma. In theory, free drainage should be allowed only after the dura is open to minimize the risk of re-bleeding; in practice; however, 20-30 mL of CSF is usually drained just before dural opening to facilitate dural incision. The drain is usually left open during the procedure, until the aneurysm is clipped or until the beginning of dural closure.

### Hyperventilation {#sec3-6}

Controlling CO~2~ levels can be used therapeutically to lower ICP. However, excessive hyperventilation carries the risk of inducing ischemia especially in poor grade patients. Thus, use of hyperventilation should be individualized according to the operating conditions. A reasonable approach is to institute mild hypocapnia (30-35 mm Hg) before the dura is open, moderate hypocapnia (25-30 mm Hg) after the dura is open, and relative normocapnia during induced hypotension and after the aneurysm is clipped.\[[@ref42]\]

Fluids and electrolytes {#sec2-10}
-----------------------

Fluids should be planned to ensure normovolemia and be guided by clinical judgment and CVP. In general, glucose containing fluids should not be administered. Ringer\'s lactate being hypoosmolar as compared to plasma should also be avoided. Normal saline and balanced crystalloids can be administered. After aneurysm is clipped, relative hypervolemia (CVP 10-12 cm H~2~O) should be targeted.

Controlled hypotension versus temporary clipping {#sec2-11}
------------------------------------------------

In the past, during dissection around the aneurysm, deliberate hypotension was attempted in order to reduce wall tension to prevent aneurysm from rupturing. Hypotension also reduces bleeding, allowing better visualization of the anatomy of the aneurysm and the perforating vessels. However, nowadays temporary clips are applied on the major feeding vessel.\[[@ref59]\] This effectively stops further blood supply into that vessel so that dissection can be safely performed around the aneurysm. The differences between hypotension and temporary clipping are given in [Table 5](#T5){ref-type="table"}. In contrast to controlled hypotension, blood pressure is slightly increased during temporary clipping so as to increase blood flow through the collaterals.

###### 

Temporary arterial occlusion versus controlled hypotension during cerebral aneurysm surgery
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Cerebral protection during temporary clipping {#sec2-12}
---------------------------------------------

High-dose mannitol (2 g/kg) has been used.\[[@ref60]\]Sendai cocktail: It includes a combination of mannitol (500 mL of a 20% solution, or 100 g), vitamin E (500 mg), and dexamethasone (50 mg).\[[@ref61]\] The regimen is based on the fact that neuronal damage may be mediated by the production of free radicals and this combination has anti-oxidant properties. Up to 60 min of temporary arterial occlusion has been obtained with use of this regimen without apparent postoperative neurologic deficits. In general, however, 15-20 min is considered to be the upper limit of safety.\[[@ref62]\]Metabolic suppression using propofol, thiopentone or etomidate. The theoretical basis for their use is that cerebral metabolic suppression reduces the energy consumed by the brain cells, ischemia thus is better tolerated.\[[@ref63]\] Ideally, burst suppression using electroencephalography should be employed when using these agents. Etomidate appears less effective than others.Hypothermia: Hypothermia has important cerebroprotective effects. It causes a reduction in cerebral metabolic requirement for oxygen beyond what can be achieved with other neuroprotective agents.\[[@ref64]\] However, hypothermia is associated with increased incidence of coagulopathy, cardiac dysrhythmias, wound infection, and need for postoperative ventilation.\[[@ref65]\] Even mild levels of hypothermia are not without potential risk. Passive rewarming is associated with peripheral vasoconstriction, shivering, and subsequent increases in oxygen consumption and myocardial work.\[[@ref42]\] Drug metabolism is decreased, prolonging the effect of even short acting anesthetic drugs. A conservative recommendation would be mild body temperature reduction (34-35°C) until closure is imminent, followed by active rewarming.\[[@ref42]\] However, the evidence for benefits of this approach is lacking as studies evaluating mild hypothermia (33.5°C) in aneurysm surgery found no effect on neurologic outcome in patients with favorable clinical grade aneurysms.\[[@ref66]\] Careful temperature monitoring should continue throughout the perioperative period.Magnesium has shown some promise for neuroprotection, but the results are conflicting.\[[@ref67]\]

Emergence and recovery {#sec2-13}
----------------------

In general, patients with Grade I or II with uneventful surgery may be extubated in operating room itself. Grade IV and V patients are often kept electively intubated and ventilated. Decision in Grade III patients should be tailored often in coordination with the surgical team. Patients who have experienced intraoperative aneurysm rupture or those with vertebrobasilar aneurysms must be considered individually irrespective of their preoperative clinical SAH grade. I.V. lidocaine, 1.5 mg/kg, may be used during extubation to prevent coughing. Excessive increases in blood pressures may be treated with esmolol (0.1-0.5 mg/kg) or labetalol (5-10 mg) boluses.

Postoperative management {#sec2-14}
------------------------

Patients are usually kept in ICU postoperatively where close monitoring is continued and HHH therapy mentioned above is initiated. Attention should be given to patient\'s neurological status, hemodynamic parameters and fluid status. In patients with multiple aneurysms, systemic blood pressure must continue under strict control (within 20% of their normal blood pressure) to prevent rupture of unclipped aneurysms during emergence and recovery from anesthesia.

Summary {#sec2-15}
-------

Patients presenting with aneurysmal SAH should be operated as soon as possible. Better understanding of altered physiology and central nervous system effects of available drugs allows adequate brain relaxation, thereby ensuring good outcomes.
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